Dietary cholesterol and plant sterols differentially modulate cholesterol kinetics and circulating cholesterol. Understanding how healthy individuals with their inherent variabilities in cholesterol trafficking respond to such dietary sterols will aid in improving strategies for effective cholesterol lowering and alleviation of CVD risk. The objectives of this study were to assess plasma lipid responsiveness to dietary cholesterol v. plant sterol consumption, and to determine the response in rates of cholesterol absorption and synthesis to each sterol using stable isotope approaches in healthy individuals. A randomised, double-blinded, crossover, placebo-controlled clinical trial (n 49) with three treatment phases of 4-week duration were conducted in a Manitoba Hutterite population. During each phase, participants consumed one of the three treatments as a milkshake containing 600 mg/d dietary cholesterol, 2 g/d plant sterols or a control after breakfast meal. Plasma lipid profile was determined and cholesterol absorption and synthesis were measured by oral administration of [3, 4-13 C] cholesterol and 2 H-labelled water, respectively. Dietary cholesterol consumption increased total (0·16 (SEM 0·06) mmol/l, P = 0·0179) and HDL-cholesterol (0·08 (SEM 0·03) mmol/l, P = 0·0216) concentrations with no changes in cholesterol absorption or synthesis. Plant sterol consumption failed to reduce LDL-cholesterol concentrations despite showing a reduction (6 %, P = 0·0004) in cholesterol absorption. An over-compensatory reciprocal increase in cholesterol synthesis (36 %, P = 0·0026) corresponding to a small reduction in absorption was observed with plant sterol consumption, possibly resulting in reduced LDL-cholesterol lowering efficacy of plant sterols. These data suggest that inter-individual variability in cholesterol trafficking mechanisms may profoundly impact plasma lipid responses to dietary sterols in healthy individuals.
Lowering plasma total cholesterol (TC) and LDL-cholesterol levels continue to represent the prime target for CVD risk reduction. Cholesterol absorption and synthesis reciprocally interact with each other to maintain cholesterol homoeostasis in response to dietary perturbations (1) (2) (3) . However, the magnitude of change in synthesis in response to a change in absorption and vice versa has been shown to be highly variable (4, 3) . The LDL-cholesterol lowering efficacy of any drug treatment or dietary intervention is affected by this interaction between cholesterol absorption and synthesis (3) . Dietary cholesterol is known to raise plasma cholesterol, and variability in such responsiveness exists, where hyper-responders increase plasma TC, being unable to regulate plasma cholesterol homoeostasis either by decreasing intestinal cholesterol absorption or by reducing synthesis (4, (5) (6) (7) . However, hyper-responders represent only about one-fourth of the entire population, whereas the rest have a normal response to cholesterol intake (8, 6) . In addition, importantly, in these hyper-responders, an increase in both plasma LDL-cholesterol and HDL-cholesterol concentrations is seen (8, (9) (10) (11) . Hence, the current recommendation of <300 mg/d of dietary cholesterol for healthy individuals is being questioned (12) . Different levels of dietary cholesterol intake have been shown to either modulate (13) or have no effect on cholesterol synthesis (1, 14, 15) . Jones et al. (15) when measured the response of cholesterol biosynthesis in participants to different levels of dietary cholesterol, and modest suppression of cholesterol synthesis by dietary cholesterol was observed independent of plasma cholesterol levels.
In contrast to cholesterol, intake of plant sterols has been repeatedly shown to exert favourable modifications on circulating lipid profile and potential subsequent reduction in risk of CVD (16) (17) (18) (19) . Typical intakes of plant sterols in the North American diet ranges between 300 and 400 mg/d (20) . Plant sterols are absorbed less (<2 %) within the intestine compared with cholesterol which is absorbed at approximately 50 % efficiency (21) . Plant sterol consumption of about 2 g/d has generally been reported to reduce LDL-cholesterol levels by 5-15 % (16, 17) . Plant sterols are known to lower blood cholesterol levels by inhibiting cholesterol absorption, however, the exact mechanism remains to be clarified (16, 22) . Clinical trials have however shown, similar as seen with cholesterol, large variability among individuals in the degree of LDL-cholesterol lowering response to plant sterol intake (16, 19, (23) (24) (25) . LDLcholesterol lowering was found to be greater in individuals with high baseline plasma LDL-cholesterol concentrations compared with those with normal or borderline concentrations (26) . Moreover, wide inconsistency in results exists among studies regarding the effect of frequency and time of consumption of plant sterol servings on LDL-cholesterol lowering (23) . In addition to lowering cholesterol absorption, plant sterols and stanols are reported to induce a compensatory rise in cholesterol synthesis (17) . Inter-individual variations in cholesterol synthesising ability affect the response to LDL-cholesterol lowering efficacy of plant sterols (24) . Studies investigating the effects of basal cholesterol synthesis status on LDL-cholesterol lowering efficacy of plant sterols have shown that individuals with high basal cholesterol synthesis exhibit poor LDL-cholesterol lowering response upon plant sterol consumption (24, 25) . However, a recent study by Ras et al. (27) does not confirm these findings. In addition, genetic variations have been linked to variability in responsiveness to dietary cholesterol and plant sterols (28) (29) (30) .
The functionality, absorption and metabolism of cholesterol differs from that of plant sterols, despite, only minor structural variances existing between these entities (31) . Hence, it is important to understand how individuals respond to dietary cholesterol v. plant sterols, given the inherent variabilities in the control and kinetics of cholesterol absorption and synthesis pathways. Such knowledge will aid in developing strategies targeted towards improving the efficacy of cholesterol lowering treatments and thereby mitigating CVD risk. Hence, the present study aims to assess the plasma lipid responsiveness to dietary cholesterol and plant sterols, and to determine the differences in rates of cholesterol absorption and synthesis using stable isotope approaches in healthy individuals.
Methods

Study participants
Normocholesterolemic and slightly hypercholesterolemic, but otherwise healthy individuals (n 55), aged 18-50 years were recruited from two Hutterite colonies in Manitoba. The two colonies were Barrickman colony located west of Winnipeg city near Cartier, and the Pineland colony located in southeastern Manitoba. Potential confounders such as diet differences, ethnicity and physical activity among the Hutterites are reduced due to the homogenous lifestyle and community living system, providing an opportunity to investigate the study hypotheses in a controlled setting. Otherwise healthy was defined as the absence of a known chronic or infectious disease and supported by the fasting blood sampling. Information sessions were conducted in the colonies and potential study participants were initially screened with a questionnaire regarding personal health information, medical conditions and disease history. Anthropometric parameters such as age, weight, height, blood pressure, hip and waist circumferences were recorded. Individuals determined as potentially eligible underwent a blood screening at the first visit, where a 10 ml fasting blood sample was taken to test for lipid profile measurements such as TC, HDL-cholesterol, LDL-cholesterol and TAG. Inclusion criteria were fasting plasma TAG <3·0 mmol/l and a BMI between 20 and 40 kg/m 2 . Exclusion criteria included history of recent or chronic use of oral hypolipidemic therapy, probucol, systemic antibodies, corticosteroids, androgens or phenytoin and natural health products including fish oils known to affect lipid metabolism; history of CVD, kidney disease, liver disease, sitosterolemia, recent onset of angina, congestive heart failure, inflammatory bowel disease, pancreatitis, diabetes, or significant gastrointestinal, pulmonary and cancers. Also individuals with a history of chronic use of alcohol (>2 drinks/d), smoking, exercise with energy expenditure >16 736 kJ/week (>4000 kcal/week) and female individuals who were pregnant or planning for pregnancy during the study period were excluded. A total of fifty-five participants (men = twenty-five; women = thirty) were finally enroled into the study.
Ethical approval and clinical trial registration
This study was conducted according to the guidelines laid down in the Declaration of Helsinki. The study procedures were evaluated and approved by the Biomedical Research Ethics Board of the University of Manitoba (protocol no. B2013:019). All participants accepted into the study provided written informed consent. The study is registered in the clinicaltrials.gov registry (NCT01825668.).
Study design and protocol
The study was a free-living, double-blinded, randomised, crossover, placebo-controlled trial conducted at the Nutritional Research Unit of the Richardson Center for Functional Foods and Nutraceuticals (RCFFN), University of Manitoba. An outline of the study design is presented in Fig. 1 . The study was comprised of three treatment phases of 4-week duration each, separated by 4-week-washout intervals, where the test products were not consumed. Participants were randomised to receive three experimental products in the form of milkshakes during the study. All the three experimental milkshake products were isoenergetic (approximately 1292·86 kJ (309 kcal); total fat: 18·3 g; SFA: 5·85 g; carbohydrates: 22·46 g and protein: 13·47 g) and were prepared in the metabolic kitchen at RCFFN and were then delivered to the two Hutterite colonies twice a week. During the three intervention phases, participants consumed each day a single serving (240 ml) of a milk shake, which contained either 600 mg of cholesterol (egg yolk cholesterol) or a milkshake with 2 g of plant sterols (from soya containing approximately 55 % β-sitosterol, 25 % campesterol and 20 % stigmasterol) or a milkshake without plant sterols/cholesterol (control) along with breakfast depending on the phase and assigned treatment. The control and plant sterol incorporated milkshakes contained approximately 30 mg of dietary cholesterol. Supervisors were delegated in each colony to monitor the consumption of milkshakes and compliance to the study protocols. In addition, weekly checklists for milkshake consumption were recorded and collected. Participants were advised to maintain consistency in their typical diet and physical activity levels, and refrain from excessive caffeinated beverages or alcohol during the study phases. Participants completed and returned 3-d food records during the start and end of each phase and were asked to report any major inconsistencies in diet and physical patterns during the intervention period. Moreover, adverse events due to treatments were monitored and participants were advised to communicate to the study personnel regarding any health conditions, symptoms and or change in medications arising during the study period.
Analyses
Blood collection, sample storage and plasma lipid analyses.
Fasting blood samples were collected in heparin containing tubes on days 1, 2, 26 and 28 of each intervention period of the trial. The blood samples after collection were stored at 4°C until brought to the laboratory and plasma, buffy coat and erythrocyte fractions were then separated by centrifugation at 3000 rpm for 20 min at 4°C. Aliquots of the separated fractions were distributed into different tubes and stored at −80°C until further use. Plasma TC, HDL-cholesterol, TAG and glucose levels were determined by automated enzymatic methods on a Vitros-350 chemistry analyzer (Ortho Clinical Diagnostics). LDL-cholesterol levels were calculated by using the Friedewald equation (32) .
Stable isotope tracer intake. On day 24 of each treatment phase, participants consumed 75 mg of the stable carbon isotope [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]cholesterol dissolved in 5 g of margarine and spread on half of an English muffin to measure cholesterol absorption. In addition, participants also consumed 0·7 g/kg estimated body water (estimated at 60 % of total body weight) of 2 H-labelled water ( 2 H 2 O) as a tracer to measure cholesterol synthesis. Blood samples were obtained at baseline on day 24, as well as fasting samples on days 25, 26 and 28 to monitor isotopic enrichment/decay levels.
Determination of cholesterol absorption. Cholesterol absorption was determined using the stable-isotope singletracer method (33) . Erythrocyte fraction of blood collected on days 24, 25, 26 and 28 were used for the free cholesterol extraction (34) . In brief, about 0·5 g of erythrocyte fraction was weighed and extracted with 8 ml of methanol at 55°C for about 15 min and to this hexane-chloroform (4:1) mixture was added and vortexed. After vortexing, deionised water was added, vortexed and centrifuged at 1500 rpm for 15 min at 4°C. The supernatants were collected and the procedure was repeated with fresh methanol-hexane-chloroform mixture. The pooled supernatants were then dried under N 2 . The dried supernatants were re-extracted with 0·5 ml of hexane and transferred into GC vials for analysis. These extracts were then used to determine 13 C-cholesterol enrichment using online GC/combustion/ isotope ratio MS (Agilent 6890N chromatograph interfaced with a Finnigan Delta V Pulse isotope ratio mass spectrometer; IRMS). Isotopic abundances were expressed in δ per mil (‰), and were calculated using carbon dioxide as a reference gas and further correction was performed against the Pee Dee Belemnite international standard. From 24 to 96 h (72 h post-13 C-cholesterol ingestion), cholesterol absorption is presented as area under the [3, 4-13 C]cholesterol erythrocyte enrichment curve by using the trapezoidal rule and values corrected for baseline values.
Cholesterol synthesis determination. Cholesterol fractional synthetic rates (FSR) (%/d) were calculated as the rate of incorporation of 2 H within the body water pool into erythrocyte cholesterol pools by measuring the 2 H erythrocyte enrichment over 24 h (35) . Free cholesterol was extracted as described above for cholesterol absorption (34) and 2 H enrichment was measured in both erythrocyte-free cholesterol and plasma water. Erythrocyte-free cholesterol enrichment was measured using online GC-pyrolysis-IRMS (Finnigan Delta V plus Isotope ratio mass spectrometer) using previously established methods. Isotope abundances, expressed in δ ‰, were calculated by using H 2 as a reference gas. Cholesterol 2 H enrichment was expressed relative to standard mean ocean water and a series of standards of known enrichment. Cholesterol FSR represent erythrocyte-free cholesterol 2 H enrichment values relative to the corresponding mean plasma water sample enrichment after correcting for the free cholesterol pool. Cholesterol FSR was calculated as shown in the following equation adopted from Jones et al. (36) and Myrie et al. (37) :
where δ is the 2 H enrichment of cholesterol or plasma water above baseline in a 24-h period. The factor 0·478 stands for the fraction of H 2 atoms per cholesterol molecule that may become enriched by 2 H during in vivo cholesterol biosynthesis (36) . The absolute synthesis rate (ASR) of rapidly exchanging free cholesterol was calculated based on previously established models (36) (37) (38) :
M1 represents the size of the rapidly exchanging free cholesterol pool and was calculated according to the model of Goodman et al. (38) and the factor 0·33 accounts for the proportion of free cholesterol in the overall plasma TC pool.
Liver function parameters analysis. Analyses of the liver enzymes such alanine transaminase (ALT), aspartate transaminase (AST), alkaline phosphatase (ALKP), γ-glutamyltransferase (GGT), lactate dehydrogenase (LDH) and total bilirubin (TBIL) as safety biomarkers were performed by autoanalyzer (Vitros 350), with enzymatic reagents.
Statistical analysis
Sample size was calculated to detect LDL-cholesterol reduction to plant sterol treatment in participants. The sample size was determined to detect an anticipated difference in LDL-cholesterol levels due to plant sterol treatment of 10 % (0·54 mmol/l) using a SD of 0·732 mmol/l (39) . The α and power were 0·05 and 0·7, respectively. A sample size of thirty-five participants was calculated with a target of thirty to thirty-one subjects completing the study, taking into account the block size and an estimated 10 % premature participant withdrawal rate. However, to avoid any situation where dropout rates could be higher, and to increase the statistical power of detecting differences in the secondary end points, a sample size of forty-five was calculated. Statistical analysis was performed using the statistical software, SAS version 9.2 (SAS Inc.). Endpoint measurements of treatment and control phases were compared. Values were expressed as least-squares means and standard errors, unless stated. Effects of dietary treatments were examined using a mixed model ANOVA procedure for repeated measures with participant identification code (ID) as a random factor and treatment as an independent factor. The effect of treatment, sequence and sex were included in the model as fixed factors. Statistical significance was set at P < 0·05 for all analyses. Associations between variables were tested using Pearson's correlation coefficient analyses.
Results
Baseline characteristics
Baseline characteristics of the participants who completed the study are presented in Table 1 . A total of forty-nine (male = twenty-one; female = twenty-eight) participants completed all the three phases and study requirements. During the first phase, one participant withdrew from the study since they could not adhere to the study's schedule. Another participant withdrew during the second phase of the study because of relocation to another province. In the third phase, two more participants dropped out due to reasons such as conflict with the study and job schedule for one participant and pregnancy planning for the other. We were not able to obtain blood samples from one participant who was absent for the end of the third phase blood sample collection. No change in physical activity was reported by the study participants, and no significant changes in body weight were noticed during the study period. Majority of the participants were normocholesterolemic as indicated by TC levels (≤5·03 mmol/l) and had near optimal LDL-cholesterol levels (≤3·02 mmol/l). A large proportion of the participants were overweight (n 31; BMI 27-29 kg/m 2 ), and men participants had higher body weights (P = 0·0013), lower plasma HDL-cholesterol (P = 0·0133) and higher TAG (P = 0·0392) concentrations compared with women participants.
Plasma lipid responses to dietary cholesterol and plant sterols
Dietary cholesterol consumption of 600 mg/d for 4 weeks resulted in an increase in the concentration of plasma TC (0·16 (SEM 0·06) mmol/l, P = 0·0179) compared with the control ( Table 2 ). An increase in HDL-cholesterol concentrations (0·08 (SEM 0·03) mmol/l, P = 0·0216) was found after cholesterol consumption. No changes in TAG (P = 0·9523), non-HDL-cholesterol (P = 0·4080) concentrations and LDLcholesterol:HDL-cholesterol ratio (P = 0·9993) were found following cholesterol consumption. Significant heterogeneity in LDL-cholesterol responsiveness to cholesterol consumption was seen in the study population ( Fig. 2(a) ). Plant sterol consumption of 2 g/d did not show any reductions in plasma TC (P = 0·3327), LDL-cholesterol (P = 0·3525) and non-HDLcholesterol (P = 0·1040) concentrations compared with the control. In addition, no changes were seen in plasma TAG (P = 0·6525), HDL-cholesterol (P = 0·9801) concentrations and LDL-cholesterol:HDL-cholesterol ratio (P = 0·4375) following plant sterol consumption when compared with the control. Similar to the effect observed for cholesterol consumption, a large inter-individual variability in LDL-cholesterol responsiveness was found in the study population following plant sterol consumption ( Fig. 2(b) ). Effects of sex on plasma lipid responses following cholesterol and plant sterol supplementation were analysed (data not shown). Sex significantly influenced the plasma HDL-cholesterol increasing effect of cholesterol consumption in the study population (P = 0·0028). Female participants had a greater increase (0·12 (SEM 0·04) mmol/l, P = 0·0424) in plasma HDL-cholesterol concentrations in response to cholesterol consumption compared with males (0·05 (SEM 0·05) mmol/l, P = 0·9076). No changes in plasma HDL-cholesterol concentrations were seen after plant sterol consumption in either sexes. Moreover, no other significant sex effects were observed with any other plasma lipid variables in response to cholesterol and plant sterol consumption.
Effect of dietary cholesterol and plant sterols on cholesterol absorption and biosynthesis rates
Consumption of 600 mg/d of cholesterol for 4 weeks did not result in any changes in cholesterol absorption (P = 0·1192) Dietary sterols and cholesterol kinetics as measured by the area under the [3, 4-13 C]cholesterol erythrocyte enrichment curve compared with the control (Fig. 3  (A) ). However, plant sterol consumption reduced cholesterol absorption (P = 0·0004) compared with the control (Fig. 3(A) ). Compared with control, dietary cholesterol feeding did not affect cholesterol FSR (P = 0·8438), which is representative of the proportion of the rapidly turning over cholesterol pool synthesised per day, measured by estimating 2 H incorporation after 2 H 2 O consumption ( Fig. 3(B) ). On the contrary, plant sterol consumption markedly increased cholesterol FSR (P = 0·0026) compared with the control (Fig. 3(B) ). A similar trend was found where plant sterol consumption increased cholesterol ASR (P = 0·0010) compared with the control, however no change was seen after cholesterol consumption (P = 0·9131). Cholesterol absorption and FSR in response to plant sterols were negatively correlated (r −0·36, P = 0·0166) as shown in Fig. 4 . When the participants were categorised into groups based on their plasma LDL-cholesterol responses (hyper-or hypo-responders) to dietary cholesterol and plant sterol supplementation, no changes in cholesterol absorption or cholesterol FSR were observed between the different groups were observed.
Liver function test parameters in response to dietary cholesterol and plant sterols
No changes in any of the plasma liver enzymes (ALT, AST, ALKP, GGT, LDH and TBIL) were found because of dietary cholesterol or plant sterol consumption compared with the control.
Discussion
Increased dietary cholesterol absorption usually suppresses endogenous cholesterol synthesis as opposed to the reduction of cholesterol absorption and reciprocal elevation of endogenous synthesis caused by plant sterol consumption (2, 3, 15, 17) . The present study, using stable isotopes techniques, has shown that a cholesterol challenge of 600 mg/d did not affect cholesterol absorption or synthesis, but resulted in increased plasma TC and HDL-cholesterol concentrations, whereas, plant sterol consumption of 2 g/d induced an over-compensatory increase in cholesterol synthesis corresponding to a small decrease in cholesterol absorption, and possibly subdued the plasma LDL-cholesterol lowering efficacy of plant sterols in healthy Hutterite individuals. Dietary supplementation of 600 mg/d of cholesterol for 4 weeks failed to produce any change in plasma LDL-cholesterol concentrations in the study population, however did increase TC concentrations, similar to the observations of various other studies (6, (9) (10) (11) 40, 41) . These studies support the existence of inter-individual differences in LDL-cholesterol concentration changes leading to hypo-and hyperresponsiveness to dietary cholesterol as seen in our study population. On the other hand, cholesterol supplementation resulted in a significant elevation in plasma HDL-cholesterol concentrations in study participants. A similar effect has been demonstrated by a number of other studies as well (41) (42) (43) (44) . One interesting finding was that women alone experienced an increase in plasma HDL-cholesterol concentrations to cholesterol consumption regardless of baseline differences in HDL-cholesterol concentrations between men and women. Clifton & Nestel (45) have reported a similar finding where a cholesterol challenge of 650 mg/d for 3 weeks together with a low-fat diet resulted in substantial elevation in plasma HDL-cholesterol and large HDL-subclass concentrations in women compared with men (45, 46) . Such differences have been ascribed to the differential fat distribution between men and women (46) . The exact mechanism causing such increase in HDL-cholesterol concentrations remains unknown. Notwithstanding this, it can be inferred that dietary cholesterol consumption does not unfavourably modify plasma lipid profiles in healthy individuals and may endow women with anti-atherogenic benefits by increasing plasma HDL-cholesterol concentrations in comparison with men. Hence, development of sex-specific dietary cholesterol recommendations may prove to be useful.
Surprisingly, plant sterol consumption of 2 g/d did not induce a significant reduction in plasma LDL-cholesterol concentrations and TC concentrations in this study population. Contrary to the well-established plasma LDL-cholesterol lowering effect induced by plant sterol intake in numerous studies (18, 21, 37, 47, 48) , our study did not detect a prominent reduction. Some studies have previously reported the lack of efficacy of plant sterol treatment in lowering cholesterol (49) (50) (51) . The lack of effects in some of these studies appears to be because of poor solubility of the plant sterol formulations tested (49, 50) . However, we believe that the plant sterol formulation or food matrix used in our study could have not contributed to the lack of effects, as other studies using similar plants sterol enriched study products have demonstrated substantial LDL-cholesterol lowering efficacy (52) (53) (54) . Frequency and time of administration have also been suggested as possibly affecting the efficacy of plant sterol formulations (23, 51, 55) . Our study used a single-dose administration of plant sterol treatment accompanied with breakfast, which led us to speculate whether the lack of efficacy stems from dosage and time of administration. But, single dosage studies of plant sterols have shown equivalent efficacies in plasma LDL-cholesterol reduction (37, 56, 57) comparable with studies distributed with dosage regimens (47, 48, (58) (59) (60) . Hence, it does not appear that the lack of efficacy could be because of the single dosage regimen of plant sterols in our study. Cholesterol biosynthesis is known to be affected by circadian rhythm as shown by the modulatory effects of meal time lags on cholesterol synthesis (3, 51, (61) (62) (63) . Lower cholesterol absorption during the morning due to the reciprocal relation between absorption and synthesis could potentially render plant sterols ineffective in furthering cholesterol inhibition leading to sub-optimal plasma LDL-cholesterol reduction (51) . Doornbos et al. (55) showed a single dose consumption of plant sterol formulation with lunch to be more effective in lowering plasma LDL-cholesterol concentrations than when taken before breakfast (55) . Moreover, AbuMweis et al. (64) demonstrated that a three-time daily dose of plant sterols were more efficacious in lowering LDL-cholesterol than a single breakfast dose. In contrast, some studies demonstrated optimal plasma LDL-cholesterol lowering with single-dose regimen of plant sterols accompanied with breakfast (25, 65, 66) . Also, unavailability of data on the circadian rhythm of cholesterol absorption makes it difficult to ascribe lack of efficacy to plant sterol products based on the time of ingestion. Various other factors could also have contributed to the low efficacy of plant sterols in plasma LDL-cholesterol reduction in our study. Large inter-individual variability in plasma LDL-cholesterol responsiveness to plant sterols was present in the population akin to hypo-and hyper-responsiveness to dietary cholesterol. Noteworthy is that our study population was predominantly normocholesterolemic with most individuals exhibiting near-optimal baseline plasma LDL-cholesterol concentrations. It has been shown that individuals with high baseline plasma LDL-cholesterol concentrations experience greater reductions in LDL-cholesterol due to plant sterol or stanol consumption compared with individuals with optimal or borderline LDL-cholesterol concentrations (16, (67) (68) (69) . Another factor to be considered is the cholesterol synthesising ability of the study population. Rideout et al. (24) and Mackay et al. (25) have demonstrated the influence of basal cholesterol synthesis status on the plasma LDL-cholesterol lowering efficacy of plant sterols. These authors have postulated that high basal cholesterol synthesising individuals exhibit poor LDL-cholesterol lowering response upon plant sterol consumption and have assigned a genetic basis for the non-responsiveness (24, 25) . Mackay et al. (30) proposed that individuals having a combination of TT allele for cholesterol 7-alpha hydroxylase (CYP7A1) rs3808607 SNP and apoE (APOE) ε3-isoform tend to be non-responders to plant sterol consumption. The present study was conducted in a genetically isolated Hutterite population. It is possible that genetic makeup of the Hutterite participants could have resulted in the non-responsiveness phenotype, imparting low efficacy to plant sterol treatment. The genotype frequency and distribution of various gene polymorphisms affecting cholesterol metabolism is different in the Hutterites compared with the general population (70, 71) . Therefore, genotyping the study population and testing for associations of candidate SNP affecting lipid and cholesterol metabolism are both crucial in unravelling the observed huge variability in responsiveness to dietary sterols.
Dietary cholesterol consumption did not affect cholesterol absorption as measured by the area under the [3, 4-13 C] cholesterol erythrocyte enrichment curve using the stable-isotope single-tracer method. It is important to consider that the singletracer method does not measure the absolute amount of cholesterol absorbed, but rather represents only the efficiency of cholesterol absorption (21, 64) . Also, the stable-isotope tracer administered could have been diluted by the dietary cholesterol influx of 600 mg/d, and as only fractional cholesterol absorption happens in the intestine (approximately 50 %), the fraction of the tracer absorbed might have been less than that usually absorbed during the control phase. An increase in plasma TC concentrations was seen following cholesterol challenge, which indicates that the cholesterol absorption was indeed more compared with the control. Using a dual-isotope method specifically for measuring the effect of dietary cholesterol on cholesterol absorption would likely have been more precise in estimating absolute cholesterol absorption. On the other hand, plant sterol administration for 4 weeks reduced cholesterol absorption compared with the control, however, did not reduce plasma LDL-cholesterol concentrations as expected. Similar observation has been previously reported by AbumWeis et al. (64) , where the authors found a significant reduction in cholesterol absorption due to plant sterol consumption, but did not see any plasma LDLcholesterol reduction. The authors indicated that a reduction in cholesterol absorption efficiency may not always be associated with a reduction in the magnitude of plasma cholesterol concentrations (64) .
In our study, the dietary cholesterol challenge failed to affect cholesterol FSR, measured by estimating 2 H incorporation after 2 H 2 O consumption. Jones et al. (15) did find a modest decrease in synthesis in response to different levels of dietary cholesterol feeding. However, unlike their findings, we did not find any changes in cholesterol synthesis. Concomitantly, we found a marked rise in plasma cholesterol. Nestel & Poyser (13) observed that moderate intakes of dietary cholesterol induced the suppression of synthesis and prevented the rise of plasma cholesterol. This finding possibly explains the rise in plasma cholesterol concentrations following the cholesterol challenge in our study population and is also indicative of the presence of a large proportion of hyper-responding individuals to dietary cholesterol, as discussed previously. Plant sterol consumption dramatically increased cholesterol FSR and ASR compared with the control presently. A reciprocal up-regulation of cholesterol synthesis in response to a decrease in cholesterol absorption is usually seen (17, 37, 64) . In our study, the increase in synthesis was 36 % (FSR; Fig. 3(D) ) and 39 % (ASR) higher compared with the control corresponding to only a 6 % reduction in cholesterol absorption ( Fig. 3(C) ). Previous studies have reported a larger reduction (approximately 25 %) in cholesterol absorption with a compensatory increase in synthesis (17, 37, 64) . A hyper-reactive increase in cholesterol synthesis in tandem with a small reduction in absorption in our study could have most likely contributed to the reduced effect of plant sterol-induced LDLcholesterol lowering. As previously discussed, the works of Rideout et al. (24) and Mackay et al. (25) on basal cholesterol synthesis status and LDL-cholesterol responsiveness to plant sterols support this observation. Hence, the role of gene polymorphisms affecting cholesterol kinetics and gene-diet interactions determining responsiveness to dietary sterols needs to be better understood (30) .
Some of the major strengths of the study include the following. This is the first undertaking to our knowledge where the first direct comparison between the effects of cholesterol v. plant sterol intake for 4 weeks on plasma lipids and cholesterol kinetics using stable isotope approaches were examined in a single study. The study was a double-blinded, randomised, crossover, placebo-controlled clinical trial. Another unique aspect was the study population, which was a genetically isolated founder population of Hutterites with minimal environmental and lifestyle-related confounders. However, our study did suffer from some limitations. The study was free-living with less control over dietary intake. However, to our advantage the Hutterites have a community dining system with all individuals in the population consuming typically the same diet, except for individual variations in energy intake. Another limitation of the study is that challenges exist in extrapolating the findings to the general population.
In summary, using stable isotopic assessment in healthy Hutterite individuals, we found that dietary cholesterol supplementation did not affect cholesterol absorption or synthesis, but increased plasma TC and HDL-cholesterol concentrations, whereas, plant sterol consumption resulted in an over-compensatory elevation in cholesterol synthesis pertaining to a small reduction in cholesterol absorption. Such hyperreactive increase in cholesterol synthesis corresponding to a miniscule reduction could have possibly hampered the plasma LDL-cholesterol lowering efficiency of plant sterol administration. Our results thereby affirm the existence of inter-individual variability in endogenous cholesterol synthesis, potentially inflecting the reciprocal relationship between cholesterol absorption and synthesis, and the extent to which they are correspondingly offset due to dietary perturbations. Our findings also show that dietary cholesterol consumption did not unfavourably alter the plasma lipid profile of our study participants. Notably, large inter-individual variability in plasma lipid responsiveness to the consumption of dietary sterols was found in the study population. Hence, scrutinising genetic heterogeneity and phenotype associations will facilitate understanding gene-diet interactions that modulate the reciprocal relationship between cholesterol absorption and synthesis, and thereby determine an individual's responsiveness to cholesterol v. plant sterol consumption. Development of personalised dietary intervention strategies will therefore become possible which can be directed towards regulating plasma cholesterol levels and prevention of CVD risk.
